The design and calibration of a calorimeter to measure the power in X-ray beams having peak energies between 1 and 180 million electron volts are described . The calorimeter included two thermally balanced lead cylinders, 4 centimeters in diameter by 7.5 centimeters long, one irradiated by an X-ray beam. The lead cylinder was large enough to absorb almost completely the X-ray beam. The absorbed energy resulted in an unbalance of temperature of the two cylinders, which was measured by the change in r esistance of embedded thermistors.
Introduction
The interpretation of physical and medical e),,'J)eriments with high-energy X-rays has been greatly hampered by the uncertainties in the measurement of X-ray-beam power. The conventional method of determining beam power has been to measure the ionization current in the gas of an ionization chamber placed in the X-ray beam. To calculate the relationship between the beam power and the ionization current, one must make various a su mptions concerning the spectrum of the incident photons, the production of electrons and positrons by the photons in the chamber walls, the values of the stopping power for these electrons in the wall and the gas, and the energy required for an electron or positron to produce an ion pair in the gas of the ionization chamber. Because these assumptions and quantities are difficult to evaluate, the calculated response of an ionization chamber to X-rays may contain unknown errors of the order of 5 to 10 percent.
In order to avoid these uncertainties, apparatus was constructed at the National Bureau of Standards for measuring the X-ray-beam power calorimetrically. Such measurements were made by comparing the temperature rise of a lead cylinder irradiated by the X-ray beam with the temperature rise of the same cylinder heated by a measured quantity of electric energy. After making suitable corrections for the small proportion of X-ray energy that was not absorbed, an electrical equivalent of X-ray energy could be obtained.
The first published measurements of this type were made by Laughlin et al. [I] .2 His later publication [2] described an improved calorimeter used to measure beam power from a 22.5-Mev betatron and a 400-kev 3 X-ray unit. Laughlin's calori.mcter consisted of twin lead cylinders, one of which was irradiated. The resulting temperature difference between the two cylinders was used to determine the total energy absorbed.
Calorimetric measurements of X-ray-beam power were also made by Edwards and Kerst [3] for X-ray peak energies ranging between 150 and 300 Me . Their calorimeter was similar to Laughlin's in design, bu t, du e to the higher energy X-rays, more consideration had to be given to the power escaping from the cylinders.
One of the project of the Betatron Section at the National Bureau of Standards was to develop an instrument to measure the power in X-ray beams with peak energies between 1 and 180 M ev. This report describes the construction and operation of a calorimeter designed for this purpose. X-ray-beam power measurements at 1.4 and 36 Mev with this calorimeter have been made, and the result are now being prepared.
General Method of Operation of the Calorimeter
The calorimeter consisted, essentially, of two similar lead cylinders, thermally insulated from their surroundings and from each other. The X-ray beam, emerging from an aperture in the shielding wall around the X-ray source, was directed axially into the end of one of the lead cylinders. The X-ray energy absorbed in the cylinder was converted into heat energy, resulting in a rise in temperature of the lead cylinder. The temperature-sensing element were thermistors embedded in the two cylinders and connected in a Wheatstone-bridge circuit. Thermistors have a large negative temperature coefficient of resistance, thus providing high sensitivity to mall temperature change in the cylinders. Absolute calibrations were made by determining the temperature rise when a measured quantity of electric energy was dissipated in a resistor embedded in the cylinder. Figure 1 shows the vacuum chamber con taining the two lead cylinders. The cylinders appearing in the background are reflections in the chrome lining of the chamber. The vacuum chamber was supported in a temperature-regulated water bath . Figure 2 is a schematic front view showing the position of the vacuum chamber in the water bath . A detailed description of the various components follows.
. Construction of the Calorimeter
3 .1. Cylinders
The absorbing cylinders were made of lead because the absorption per unit heat capacity for high-energy X -rays is greater for a material of high atomic number than for one of low atomic number. The cylinders were 7.5 cm long and 4 cm in diameter. Figures 1 and 2 show their location in the evacuated chamber. The surface of each cylinder was gold plated to limit radiation losses, and the cylinders were suspended by nylon threads to limit conduction losses. The cylinders were cut in planes through th eir axes to simplify the insertion of the thermistors and calibrating resistors. Figure 3 shows one of the cylinders partly opened. The end of the cylinder that received the irradiation was called the front surface. When X -rays are absorbed by lead the maximum density of energy dissipation is at a position a few millimeters behind the front surface. This position depends upon the energy of the incident X -rays. The resistors for calibrating were, therefore, placed near the front surface. The position of these resistors was not critical because the heat from them was transmitted throughout the lead cylinder in a time that was short compared with the irradiation time. The resistors were located near the end of the cylinder in order to be out of the X -ray beam where th ey would not affect the absorption of the X-rays by the lead. One resistor was loca ted in each half of the cylinder. Commercial 1,000-ohm %-w carbon resistors were used . The resistors were coated with a liquid cemen t, placed in a groove in the lead , and surrounded with vYood's metal. The cement provided electrical insulation, and the vVood's metal filled the ail' gaps, thus providing better thermal contact.
The thermistors were located near the back surface and n ear the edge of the cylinder, so that they also were not in the primary X-ray beam. One thermistor was located in each half of the cylinder. They were embedded in the lead in the same manner as the resistors.
Number 43 enameled copper wire was used to connect the thermistors and the calibrating resistors to the outside. The wires were about 10 cm long, and small enough to limit conduction losses to a low value, yet large enough that their resistances were small compared with those of the thermistors and calibrating resistors.
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Vacuum Chamber
The lead cylinders were suspended inside a brass vacuum chamber by means of 16 nylon threads . The chamber had }f-in. -thick wans and 7~-in. -thick bottom and top plates. Its inside dimensions were 6 by 11 in. and 27f in. high. The inside surface was lined with 7~2 -in. plates, the surface of each of which had been chromium plated to limit thermal radiation effects on the cylinders. A chromium -plated metal partition separated the two cylinders. The chamber was evacuated to a pressure of abou t 10-5 mm fIg by means of an oil-diffusion pump and a mechanical forepump . A n f-in.-diam hole was located just in front of each cylinder to permit the X -ray beam to enter without penetrating the %-in . wall of brass. These holes were sealed with 0.003-in . brass foil as its absorption for high-energy X-rays is negligible . The electric connections were made through a glassto-metal seal containing eight small metal tubes. The wires were threaded through but insulated from the tubes and then sealed with a liquid cement.
.. Water Bath
As shown in figure 2, the vacuum chamber was immersed in a temp erature-controlled water bath . The water container, 15 by 21 by 12 in. high, was made of Bakelite reinforced with angle iron to prevent warping due to water absorption. There was at least 3 in. of water on all sides of the vacuum chamber. Two stirrers, placed diagonally opposite one another, circulated the water. The stirrers were geared to synchronous motors in order to help maintain a constant temperature distribution throughout the water bath. Air-filled Bakelite tubes extended through the water bath in front of the entrance ports of the vacuum chamber in order to keep the water from absorbing energy from the X-ray beam. A O.OOl-in. aluminum foil was placed at the external end of the tubes to limit exchange of heat either by convection of ail' 01' by radiation to the inner foil. The vacuum chamber was supported inside the water bath on the points of three Lucite cones, each of which rested on three marbles. The vacuum connection to the top of the chamber consisted of a 2-in.-cliam glass tube on top of a metal sylphon soldered to th e vacuum chamber. The purpose of this construction was to provide high insulation between the chamber and the outside, and to provide good thermal contact between the chamber and the water bath, so that outside temperature fluctuations would have as small an effect as possible on the temperature of the vacuum chamber.
The temperature of the water bath was regulated by means of an immersed helical bimetallic strip with an electric contact at one end. The electric current throug h the contact actuated an electric relay that controlled the "on" and "off" time of the electric heater at the bottom of the water bath. Thermal regula tion under optimurri. conditions was es timated to be ± 0.005 deg C. The heater was operated at 24 wand maintained the temperature at 33.4 0 C.
It was found necessary to surround the Bakelite box with a larger plywood box to prevent temperature fluctuations due to convection currents in the The temperature coefficient of resistance was -0.0363 for all four thermistors.
Characteristics of the Thermistors
The temperature-sensing elements in the lead cylinders were Veco 33S1 thermistors, abou t X in.
in diam by 1~{6 in. long. They were made of a mixture of the oxides of cobalt, manganese, and nickel. Figure 4 shows a plot of their resistance versus temperature over the range of about 30° to 45° C. Over this range the logarithm of the resistance is approximately a linear function of the temperature. Over a large range the resistance, R, at Kelvin temperature T , can be expressed as where Ro is the resistance at temperature To (3 04° K ),
and B is a constant of the material. Table 1 shows the characteristics of the four thermistors used. 
. Wheatstone-Bridge Circuit
Two thermistors were embedded in each lead cylinder and connected in a Wheatstone bridge, as shown in figure 5. The 24-ohm copper resistor compensated for the adjustable resistance of the resistance box and provided an adequate range. A mercury cell supplying 1.34 v was used because of its stable output voltage with time. A variation in the cell voltage would affect the currents in the thermistors. These currents affect the temperatures of the thermistors, which in turn affect their resistances, resulting in a possible unbalance of the Wheatstone bridge. This effect was small because of the similarity of the thermistors, the symmetry of the bridge, and the magnitude of the bridge current used. The compensating copper resistor l.Oo.n and the mercury cell were located in a glass tube immersed in the water bath. The tube was stuffed with cotton to inhibit temperature variations due to convection from above. A 0.01 deg C change in temperature of the 24-ohm copper resistor could create the same bridge unbalance as a 5X 10-6 deg C change in the thermistors in one of the lead cylinders.
TI AND T2 ARE THER MI STORS IN ONE LEAD CYliNDER T3 AND T4 ARE THERMISTORS IN SECOND LE AD CYLINDER
The resistance box was a six-decade box with steps of 0.01 ohm. Because of unpredictable variations in contact resistances and emf's originating in the switch, the decade was modified as shown in figur e 6, involving a variation of several methods described by Mueller and Wenner [4] . As the contact was moved from one end of the decade to the other, the total resistance changed from 1.00 to 1.10 ohms. Because the variable contact resistance was lliways in series with a relatively large resistor, it contributed less variation to the oVeI-all resistance.
The four thermistors, selected from a group of 12, had the most similar characteristics. This was desirable in order to reduce drifts and fluctuations at the output of the Wheatstone bridge produced by ambient temperature fluctuations and changes in bridge working currents that affected the temperature and hence the resistance of the thermistors.
For
R = Ro[l -(B{ T -To} )/(T02) ],
and the resistance could be assumed to be a linear function of the temperature. The temperature coefficient of resistance was -0.0363;0 C for the four thermistors used. As the temperature rise during any set of runs did not exceed 0.01 deg C , the errol' introduced by assuming linearit.y and neglecting the next term in the e2i. llansion was less than 1 part in 10 million.
Because of the small voltages detected in the Wheatstone bridge (order of microvolts), it is necessary to take every possible precaution to avoid variable voltages due to thermoelectric effects when conductors of different materials are used. Copper connecting wire was used throu ghout, and a special solder with small thermal electromotive force with respect to copper was used to minimize thermoelectric effects. Difficul ty was originally observed with the use of solid metal leads through the glass seal to the vacuum. Although copper wires were attached to both ends, the variable thermal electromotive forces due to temperature differ ences between the inside and outside of the vacuum chamber wer e too great to work with. For this r eason m etal tubes were substituted, and the copper connecting wires were run through the axes and insulated from the metal to form a circuit of copper alone.
About 0.26 ma of current flowing through each arm of the Wheatstone bridge supplied abou t 0.35 mw of power continuously to each lead cylinder. This caused the equilibrium temperature of the cylinders to be of the order of 0.03 deg C above the surrounding temperature. As long as this temperature difference was constant and all heat losses were approximately linear functions of the temperature difference, this effect could be disregarded.
The detector employed in the bridge circuit was a d-c breaker amplifier . Its input impedance was 1,000 ohms. In the breaker amplifier the d-c input voltage was converted to an 8-cps signal by a mechanical breaker contact. The amplifier, tuned to 8 cps, amplified the signal, which was then converted back to direct current by a second breaker synchronous wit.h the first. In this way the background noise was k ept low. The observed noise level (maximum fluctuations peak to peak) corresponded to a bout O. I-J.Lv input, and the voltage gain was of the order of 500,000.
The temperature data were taken by either of the following methods: (1) The output of the amplifier was connec ted to a recording milliammeter. The amplifier and r ecorder were used as a null detector, so that variations in gain in the amplifier were not of primary importance. As the thermistors changed resistance due to a temperature change of the lead cylinder, the resistance box was adjusted, as required, t o bring the bridge back into balance. The required balancing resistance was then plotted against time to provide the data. (2) The econd method consisted in connecting the outpu t of the amplifier to a recording d-c potentiometer (0 to 30 mv) with an ll-in.-wide chart and recording the unbalance of the Wheatstone bridge without changing the balancing resistor. Although this system eliminated the transient vol tages caused by switching the balancing resistor, it had the disadvantage of depending upon the constancy of the amplifier gain. P eriodic checks were made of the amplifier gain by adding a I-J.Lv signal to the input and observing the deflection ; yet no evidence of a change in gain was observed.
. Operating Characteristics
The smallest short-time signal detectable was limited by the noise level of the output signal. This noise had an over-all amplitude of about 0.0008-ohm equivalent, and corresponded to about 5 X 10-6 DC.
The smallest sustained input power detectable was limited by the long-time drifts in the balance point of the bridge. These could have been due to drifts in the thermistor resistance, drifts in the battery voltage, or changes in the water-bath temperature that affected the bridge output due to asymmetry of the bridge. The observed drif t during good operation was less than 0.005 ohm/hI', and corresponded to approximately 3 X 10-5 D C/hr. The temperature rise due to the IOO-J.Lw input power in one cylinder was approximately 2 X 10-3 D C/hI' and could readily be observed and meas ured.
. Heat Losses
It was desirable to keep the heat 10 ses small for several reasons: (1) it put less stringen t requirements on the constancy of the water-bath temperature and led to a greater stability of the bridge balance, (2) a larger over-all temperature rise could be accumulated if the time constant were longer, and (3) linear approximations for hea t-loss calculation could be used. The associated disadvantage was the long time r equired for the calorimeter to attain thermal equilibrium. T he cooling time constant was determined from data taken of the required balancing resistance versus time before and after the cylinder was heated with 14.03 mw for 10 min. The data are shown in figure 7. Assuming Newton 's law of cooling and linearity between Rand T , the cooling constant K was determined in the followin g manner:
where dRt/dt and dR n/dt are the slopes at R i and R n, respectively, and Re is the equilibrium resistance that the exponential curve was approaching. K was determined at five points on the decay curve and found to average about 0.00548 ± 0.00002 min-I, when the bath temperature was 33.4 0 C. This corresponded to about a 3-hr time constant. As is shown below, most of the heat losses were due to radiation. Therefore, this decay constant should vary directly as the cub e of the absolute temperature of the water bath. Four measurements of t he d ecay constant over a temperature range of 5 deg agreed with t h e cube-law dep endence on the absolute tern p era ture.
The h eat capacity of each cylinder was calculated from its dimensions and material to be abou t 136 j;oC. The heat loss p er unit time per degree t emp erature difference b etween the cylinder and its surroundings is equal to t h e product of th e cooling constant, K , and t he h eat capacity. Using these values, one obtains 12.8 mw;oC as the rate of h eat loss by t he cylinder to its surroundings. This h eat loss is b elieved to b e due, primarily, to radiation. B ecause of the roughness of the gold surface on the cylinders, the emissivity was not known , but must b e considerably larger than 0.02 , which is the emissivity for a polished gold surface.
The rate of heat loss p er degree Celsiu s due to condu ction was calculated and found to be small compared with the observed rate of h eat loss. The loss due to conduction along the wires was 0.065 mw;oC, which is only about 0.5 p ercent of the observed value.
The rate of heat loss p er degree Celsius b y conduction through the air was 0.017 mw;oC, which is only abou t 0.1 p ercent of the observed valu e. T he pressure u sed in this calculation was 1O-5mm H g, as m easured with an ion gage. 
4cATg(T -T o)X (Jj
Substituting the measured valu e of 12.8 m w;oC for (1/{ T -To } X dQ/dt ), 303 0 K for To. and t he above values for c and A, one obtains a valu e of 0.17 for the effective emissivity . This is a reasonable valu e, considering th e matted appearance of t he gold surface of th e lead cylinder. I t also indicates that a considerable improvement is possible if the gold surface were highly polished.
Ca libration
The method used for calibrating the calorimeter was to supply a measured quantity of electric energy to the resistors emb edded in the lead cylinder and to determine the resulting rise in temperature of the cylinder. The rate of heating and total temperature rise were chosen so as to duplica te as nearly as possible the conditions during the m easurement of the X-ray-beam en ergy. This procedure partially eliminates some of the systematic errors in the calorim etric measurements. A po tentiometer with an accuracy of about 0.1 p ercent was used to m easure the voltage a cross the h eating r esistor, and a model 622 W eston d-c milliammeter with an accuracy of 0.5 percent of full-scale defl ection was used to m easure th e current. The measurements involved abou t half-scale deflections, so the accuracy of the current reading was about 1 percent. resistan ce of the box at that time. A change in slope of the output versus time in figure 8 follows any cllange in th e power being applied to the cylinder.
The re j Lan ce required for exact balance could be d etermin ed at any instant by interpolation. This re istan ce was calculated at the instant before each vertical break in order to minimize t he effect of transient that sometimes appeared after a change of resis tance. Figure 9 shows a plot of the calcula ted balancing r esistance as a function of t ime for a 1 ,400-kev X-ray run. Straight lines were drawn to represen t the average data and to simplify the analysis. Linearity between the balancing resistance and temperature was assumed, and the observed temperature rise was calculated to be 4.0 X 10-4 °C . Figure 10 is a graph of a calibration nm, using m et hod 2 described in sec tion 5; 122.6 J.1.W of power was applied for 12 min. Lincarity b etween the bridge unbalance and the temperature was assumed, and the observed temperature rise during the h eating p eriod in t his example was calculated to b e 5.47 X IO-4 cC.
In figures 9 and 10 there is apparent an approximately 45-sec time lag between the application of h eat to the cylinder and the detected temperature rise. This time lag was caused by a combinati on of two phenomena : (1 ) the time r equired for diffusion of h eat through the lead (most of the h eat energy was supplied n eal' the front surface, wher eas t he t hermistors were lo cated n ear the back surface), and (2) the thermal time constan t of the thermistor deterrnined by its heat capacity and its insula tion from LllC surrounding lead . The correction of the observed temperature rise for heat loss ' was made on th e basis of Newton's law of cooling, using the obser ved curve of temperature as a function of time. This procedure makes th e assumption that the average temperature throughou t the cylind er is equal to the surface temperature, and that the time Straight lines wcre drawn through the points for aid in calculating the total relati vc hcat a bsorbcd. lag in the observed temperature is constant. It is recognized that these assumptions may not b e stric tly true when comparing the heating portion of the curve with the initial-and final-cooling portions. However , it is b elieved that the error arising from this assumption is small in comparison with the estimated over-all error, and will partially cancel out when comparing X -ray energy with elec tric en ergy. The total energy absorbed by the lead cylinder can be expressed as a sum of two term s, one involving the observed temp era ture rise and the other involving the energy lost to the surroundings as a result of the temp erature differen ce. The h eat lost to the surroundings was calculated from the average of the obse rved cooling slop es b efore a nd afLer the h eating p eriod. T able 2 summarizes t he resul ts of fi ve calibra t ion runs over a p eriod of 2 d ays, using methodl. The heat loss was computed for each l'Llll , so it was not necessary to wa it eac h time for complete temp erat ure eq uilibrium to b e attained. It is seen that at times t ile h eat lost through r adiation w as just about as large as th e heat co rresponding to the net temperature rise. The a \Terage calibra tion factor of th is calorimeter was 80.5 X l 0-6 ohm/ J.1.w-min, with fLn rms error of 1. 0 X 10 .. 9. Considerations in Me a suring X-ra y-Beam Power
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The described calorimeter was designed for measuring X-ray beams in the range 1 to 180 Mev. The total beam power will be the sum of the power absorbed by the lead cylinder plus that which escapes by transmission, scattering, or by other means. As the escaping energy must be measured by auxiliary experiments, using ionization chambers or scintillation detectors (the very methods whose uncertainties make the calorimeter necessary) , it is de sir a ble to select X-ray-beam and lead-cylinder dimensions that limit the escaping energy to less than 10 percent. If an effort is made to reduce the escaping energy further by increasing the dimensions of the lead cylinder, the heat capacity would be increased, and thus the sensitivity would be decreased. To obtain maximum accuracy and sensitivity, a specific size and shape of lead cylinder should be chosen for each application, depending upon the beam power available and the X-ray energy of the source. 16 The authors express their gratitude to H. W. Koch for his encouragement during the development of the calorimeter. The contributions of Samira M. Aly 4 and Donald Bowers during the initial stages of development are also greatly appreciated.
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